Many genome walking methods based on polymerase chain reaction (PCR) are available, including those with and without restriction enzyme modification. Nevertheless, these methods suffer from low reproducibility, inefficiency, and non-specificity. Here, we present a traceable and efficient PCR strategy: randomly broken fragment PCR with 59 end-directed adaptor for genome walking. The genome is first fragmented randomly. After blunting ends, the fragments are ligated to the 59 end-directed adaptors. Semi-nested PCR is then performed. Thus, we can obtain an unknown sequence by cloning the fragments of interest, followed by sequencing. This method effectively bypasses the above-mentioned obstacles and offers the advances: 1) genome fragmentation without using restriction enzymes; 2) enhancement of primer specificity and the prevention of self-ligation between the adaptors by employing a 59 end-directed adaptor. All of the steps in this new method are straightforward, and the unknown sequence can be definitively obtained by merely applying the method once. G enome walking (GW) is a basic molecular biology technique that involves a stepwise determination of an uncharacterized DNA sequence flanking a region with a known sequence 1 . This technique has many applications, such as: 1) identifying insertion sites of transposons or T-DNA and exogenous genes in transgenic technology; 2) separating promoters and regulatory elements; 3) overlapping artificial chromosomes (PAC, YAC, BAC); 4) constructing map-based cloning of overlaps; and 5) discovering new genes related to diseases [2] [3] [4] [5] [6] 
G enome walking (GW) is a basic molecular biology technique that involves a stepwise determination of an uncharacterized DNA sequence flanking a region with a known sequence 1 . This technique has many applications, such as: 1) identifying insertion sites of transposons or T-DNA and exogenous genes in transgenic technology; 2) separating promoters and regulatory elements; 3) overlapping artificial chromosomes (PAC, YAC, BAC); 4) constructing map-based cloning of overlaps; and 5) discovering new genes related to diseases [2] [3] [4] [5] [6] . Current GW methods encompass two categories. The first category includes Inverse PCR (IPCR) and Cassette PCR, which require the use of restriction enzymes to fragment the genome. IPCR is the earliest flanking cloning technique based on conventional PCR 7 , whose rate of success and reproducibility are low because they depend on the efficiency of the endonucleases used and the rate of self-ligation. Cassette PCR techniques include vectorette PCR, single-specific-primer PCR, template-blocking PCR, RCA-GIP, straight-walk ligation-mediated genome walking, A-T linker PCR 8 , loop-linker PCR 9 , and others 10 . Most of the above-mentioned methods focus on enhancing the specificity of PCR, for instance, by retaining the ligation of the adaptors, de-phosphorylating the 59 end, or using a ddNTP to block adaptor self-ligation, or using an amino group to block the extension of the adaptor. However, these methods are ineffective if the genome is large or does not have appropriate restriction endonuclease sites. Moreover, these methods are dependent upon time-consuming and labor-intensive enzymatic modifications of the target DNA.
The second category of GW methods does not involve restriction enzymes to digest the genome first, and includes primer-based and extension-based methods 11 , such as site-finding PCR, TAIL-PCR, semi-random primer PCR, and two-step gene walking PCR. However, the generation of non-specific DNA products is the main problem in this category, particularly in TAIL-PCR, and the specific product is seldom obtained after gel electrophoresis. Poor reproducibility is another problem due to the randomness of the primers utilized.
To circumvent the above-mentioned drawbacks, we developed a novel method, termed randomly broken fragment PCR with 59 end-directed adaptor for genome walking (RBF-PCR). RBF-PCR offers the following advantages: 1) the genome is randomly fragmented without the dependence on restriction enzymes; 2) a pair of partially reverse complemented adaptors can lead to T/A-specific ligation to the ends of the fragments, and the self-ligation between the adaptors is effectively avoided by a T overhang at the 39 end; 3) PCR can be conducted by combining different adaptor primers with specific primers; 4) the unknown sequence is efficiently obtained by cloning the PCR products of interest into vectors, followed by sequencing. Experimental results in genetically modified maize LY038 (GM LY038) showed that RBF-PCR is suitable for genome walking and can be applied on a large scale. Figure 1 . First, the genome is randomly fragmented using an ultrasonic processor. A series of additional steps were needed to obtain the fragments with blunt-ends. A T is overhung at the 39 end of the adaptor to avoid adaptor self-ligation. Therefore, after ends blunting, adenines are added to the 39 ends of the broken fragments for the ligation with adaptors. Semi-nested PCR is then conducted to obtain the flanking sequence of the known sequence. The semi-nested primers are designed to anneal to the region of the known sequence, and we named them the specific primers (SP); the other fixed primer is the adaptor primer (AP).
Results

Principle of RBF-PCR. The principle of RBF-PCR is illustrated in
The first few steps are similar to the library preparation in some next-generation sequencing methods. However, to ensure that these steps were fit for identifying the flanking sequences, many simulation experiments and real-time PCR analyses were employed to test the feasibility and to optimize the conditions. Fragmentation of genomic DNA. We employed ultrasonic probes with three different diameters to fragment the genomic DNA. As shown in Figure 2 , when the diameter of the probe was 6 mm, the power of the ultrasound was easy to control, and the genomic DNA was uniformly frapgmented into the 250-2000 bp range by using the following ultrasonic parameters: time, 1 s; interval, 10 s; repeat, 30 times. Meanwhile, the PCR amplification was performed with high fidelity when the length of the template was in the range of 250-2000 bp. In contrast, the DNA was not efficiently fragmented using the 2 mm diameter probe. However, increasing the length of the ultrasonication time helped splash the DNA liquid. The genome was severely fragmented using the 3 mm diameter probe, making later modifications difficult and resulting in a short genome walking sequence. Therefore, we chose the 6 mm diameter probe.
Meanwhile, we observed that by changing the length of the ultrasonic time, the degree of genomic DNA fragmentation can be controlled. Additionally, we found that the choice of probe diameter was not relevant to the liquid volume used in our research; we merely aimed to obtain the best fragmentation.
Adaptor primer choice. Due to the adaptors (Supplementary Table  S2 ) being partially reverse complemented, there would be four kinds of amplification styles (Supplementary Figure S1) , and two possible amplification products can be obtained for each single specific primer. We used real-time PCR to test which pair of primers could yield satisfactory amplification results. An A was overhung at the 39 end of the amplicon after PCR by the rTaq enzyme. It is precisely because the characteristic of rTaq enzyme that we could regard the PCR products as the genome fragments which have blunted ends and added A at the 39 ends. Therefore, we directly ligated the PCR products with the adaptors instead of the actual fragmented genomic DNA, and the ligation products will be tested as the template in realtime PCR. The direct use of PCR products rather than fragmented genomic DNA was time saving. In this study, an amplicon of 673 bp was chosen for the real-time PCR.
The 673 bp amplicon was amplified by SP 673-F/R, a segment of DNA located in the exogenous gene region of the GM LY038 genome; the detailed location is shown in Supplementary Figure S2 B. The 673 bp amplicons were ligated to the adaptors, and the ligation products were then 10-fold diluted for use as the template in realtime PCR. SP inner-F with AP1 or AP2 (Supplementary Figure S2 C) were taken as the primers for real-time PCR. As shown in Figure 3 , the Ct values of AP1 and AP2 were comparable when a high concentration of template was used. However, as the concentration of the template decreased, primer dimers tended to appear in the reaction when AP2 was used, which may be attributed to the greater binding and amplification capacities of AP1 versus AP2. In addition, due to the sequence of AP2 was reverse complemented with that of Adaptor-2, AP2 could also bind to other non-specific ligation products during the amplification. As shown by the Ct and Tm values, the SP along with AP1 yielded a better amplification result than AP2, furthermore, the specificity of this method can be enhanced when we use AP1 with SP.
The specificity and detection limit of RBF-PCR. GM LY038 and its wild type were used to test the specificity of RBF-PCR. SP 673-F and SP inner-F were chosen as the nested primers, two technical replicates were analyzed for each template. As the genome of wild type did not contain the exogenous gene, no amplicons should be obtained after the semi-nested PCR amplification because there are no binding sites for SP. As shown in Figure 4 , dispersed bands (lanes 1 and 2) were observed after 2% agarose gel electrophoresis when the randomly broken GM LY038 genome was used as the template; and only primer dimers (lanes 3 and 4) were observed when the wild type genome was used as the template.
Two PCR products, fragments 673 bp and 218 bp with no identical sequence (Supplementary figure S2 B) , generated by SP 673-F/R and SP 218-F/R using the GM LY038 genome as the template, were used to test the detection limit of RBF-PCR via real-time PCR. After common PCR, we obtained amplicons of 673 bp and 218 bp; these amplicons were ligated to adaptors separately, and the copy number of the ligation product was measured. We mixed these ligation products in different ratios to imitate the condition of DNA fragments after ultrasonication. The ligation products of 673 bp were regarded as the target templates and the 218 bp as the non-target templates. We only decreased the concentration of the 673 bp fragment until no amplicons were obtained. The primers used in real-time PCR were AP1 and SP inner-F, potentially amplifying a segment of 189 bp from the 673 bp fragment, which was nearly the same length as that of the 218 bp amplicon.
As shown in Table 1 , when the ratio of 673 bp to 218 bp products was decreased to 0.000151 (a copy number equivalent of 656000), the target templates were still detectable. Based on the melting curve (Supplementary Figure S3) , there was no amplification product when the non-target 218 bp fragment was used as the template. Thus, flanking sequences can definitely be obtained using our developed method.
Identity of amplification between AP/SP and SP/SP. The amplicons generated using SP 673-R and SP inner-F were located within the regions corresponding to SP 673-R and AP1. We tested whether the AP/SP primer pair had the same amplification ability as the SP/SP pair under the same thermal cycle conditions. As shown in Figure 5 , under the same concentration of the templates, the Ct value for SP/SP was slightly smaller than that for AP/SP, which may be because both of the SP primers could work together to amplify the target. However, there was no binding site for AP in the first few PCR cycles of the AP/SP reaction, because the sequence of AP1 is the same as Adaptor-1. The SP primer first bound to the target segment, and after few cycles of amplification, the AP1 primer has its binding sites and plays its role. Primer dimers appeared at the same concentration; thus, the detection limit of AP/SP was regarded to be the same as that of SP/SP.
The ratio of AP to SP. We optimized the ratio of AP to SP in seminested PCR. The 218 bp and 673 bp fragments were mixed together to simulate the detection. The ratios of AP1 to SP inner-F were 1051, 451, 251, 151, 152, 154, 156, and 1510 (1 equals 100 nM), and the amplification curves were comparable according to the realtime PCR results ( Figure 6 and Supplementary Table S1 ). When the primer ratios were 151, 152 and 154 (highlighted in red), the height of the peaks on the melting curves were higher than the others, and the Ct values were correspondingly lower. In spite of these observations, the differences between the primer ratios were slight, even when the template was at a low concentration. This finding suggested that the range of AP/SP ratios was wide, and optimized result was obtained when the concentration of SP was higher than AP.
Analysis of the flanking region of the GM LY038 genome. Through the series of RBF-PCR steps, we retrieved the products of semi-nested PCR within 500-2000 bp, which were abundant as evidenced by gel electrophoresis. The T-easy vector transformation and cloning were conducted in triplicate. We prepared 10 plating media for each replicate to perform blue-white selections. One hundred white colonies were selected for culturing and then sequenced (Sangon, Shanghai, China). The numbers of successful sequencing results are listed in Table 2 ; however, sequencing was unsuccessful in every case, which might as attributed to the following reasons. First, some of the vectors were false positive empty vectors. Second, due to a few non-specific amplifications, the sequencing result neither matched the sequence of the adaptor nor the LY038 exogenous gene. Nonetheless, more than 65% of the sequencing results were definite flanking sequences of the LY038 exogenous gene.
After sequencing, we used BLAST to analyze the obtained sequences, and only small part of them could match the genome of B73 maize, which has been completely sequenced and assembled in maize first. The wild type of LY038 is maize inbred line H99 which has not been sequenced, and the difference may exist between the two genomes. Then, we submitted the obtained flanking sequences to GenBank, and the GenBank Accession number is KF425531; the sequence will be released to public database once they are processed. The obtained sequences are shown in Supplementary Materials S1 and S2.
The fragments between 1000-1500 bp were the most abundant (Table 2) , and the length distribution of the sequences exhibited a bell-shaped curve. Based on the results generated from this method, we conclude that an unknown sequence can be precisely and confidently obtained by applying the method just once to continue further research. Therefore, to guarantee obtaining the unknown sequence and also avoid excessive sequencing times, the number of sequencing reactions should be lowered to 30, or even to 10, in future studies.
Discussion
GW is a molecular technique for direct identification of nucleotide sequences from target genomes. The only requirement is the availability of a known nucleotide sequence from which to start. Although several technical improvements have been reported for improving GW methods over the last 20 years, the lack of reproducibility, sensitivity, and specificity are major concerns.
In comparison to other GW techniques, RBF-PCR has striking advantages. It has been proved to be a very simple but strict gene walking method with high sensitivity, and all of the steps adopted are easy to operate, such as ends blunting, adaptor ligating and the Tvector cloning. The genome is fragmented randomly by the ultrasonic processor, and the degree of broken segments can be controlled through altering the ultrasonic time and frequency. This method of genomic DNA preparation does not require high DNA integrity or purity. The use of an ultrasonic processor produces fragments of desired length without enzymatic digestion.
Another innovation in this method is the 59 end-directed adaptor. The partially reverse complemented sequences make the adaptors bind directly to the ends of target fragments. The T overhang at the 39 end of the adaptor can prevent self-ligation between the adaptors. Because the PCR products are dispersed in the agarose gel, the most promising PCR products can be retrieved and cloned into a vector for sequencing. The sequencing results are then compared with the semi-nested PCR primers and known sequences, and those which match the two primers and known sequences represent the desired flanking sequences. Following the serial of steps, we can achieve the traceability through the simulated experiment. All steps are easy to perform, and no expensive instrument is needed. We obtain the unknown sequences through a single run of RBF-PCR; however, the lengths of the flanking sequences primarily depend on two factors. The first factor is the degree of fragmentation of the DNA genome in the ultrasonic processing: the more fragmented the genome is, the shorter is the flanking sequence we can retrieve. The second factor is related to the number of sequencing reactions. Based on our experience, additional sequencing reactions are more likely to generate longer flanking regions.
In particular, this method can be applied to a variety of experiments and would function well in the identification of a multiplex insertion site. Directed against specific sequences, particularly those with complex secondary or tertiary structure, the digestion of the genome may fail due to restriction endonuclease limitations. In contrast, fragmentation of the genome in RBF-PCR method would not be limited by such reasons. Therefore, RBF-PCR has an extensive application capacity and many potential advantages.
Methods
DNA extraction. The seeds of genetically modified maize LY038 and wild type were ground into powder with a blender (Supplementary Figure S2 A) . A amount of 120 mg sample was measured for genomic DNA extraction using the CTAB method 12 . The DNA concentrations were determined spectrophotometrically at 260 nm using a UV/VIS spectrometer (Kontron, Neufahrn, Germany). The DNA purity was determined by calculating the A260/A280 ratio.
Genomic DNA fragmentation and modification. An ultrasonic processor (Scientz JY92-IIN, Ningbo, China) was used to randomly fragment the genomic DNA 13, 14 . The diameters of the ultrasonic probes were 2, 3, and 6 mm. Each group of genomic DNA fragmented with different probes was processed under the same ultrasonic conditions, including the ultrasonic interval, ultrasonic pulse repeats, and the total amount of DNA. The only difference between the groups was the ultrasonic time, from 1 s to 2 s.
The total amount of genomic DNA was no less than 500 ng, and the ideal volume was 100 mL at lest for sufficient ultrasonication of the genome. The sample was then purified by the TIANquick Midi Purification Kit and dissolved in 30 mL of ddH 2 O (Tiangen, China).
Three enzymes were added to blunt the ends of the fragments: T4 DNA polymerase, Klenow DNA polymerase, and T4 PNK (Takara, China) 15, 16 . T4 DNA ligase buffer with 10 mM dATP, dNTP mix, and ddH 2 O were added to a total volume of 100 mL. The reaction was incubated in a thermal cycler for 30 minutes at 20uC. The blunted ends fragments were purified by the TIANquick Midi Purification kit (Tiangen, China) and dissolved in 35 mL of ddH 2 O. Klenow exo (39 to 59 exo minus) and dATP were added according to the manufacturer's instructions to produce A overhang at the 39 ends, and the mixture was incubated for 30 minutes at 37uC. The products were purified by the MinElute PCR Purification Kit (Qiagen, Germany) to eliminate all residual reagents, and dissolved in 15 mL ddH 2 O.
The RBF-PCR adaptor design and preparation. The RBF-PCR adaptors consisted of 33 base pairs, partially reverse complemented with each other for 11 bp; the remaining 22 bp were not. A T was overhung at the 39 end of Adaptor-1 to avoid the ligation between the adaptors. In the ligation reaction, Adaptor-1 can ligate to the 59 ends of the fragments, and Adaptor-2 can bind to the 39 ends of the fragments. In the subsequent semi-nested PCR, the amplification styles were different through combining different APs with SPs. In the genome walking method, specificity was the most important consideration. The adaptor sequence was not expected to match with species that are commonly searched by BLAST in the nucleotide collection database. SPs were designed using ABI PRISM Primer Express Version 2.0 software (Applied Biosystems, California, USA).
In this study, 20 mM of Adaptor-1 and Adaptor-2 were used to generate the RBF-PCR adaptor. The adaptors were denatured at 96uC for 2 min and slowly cooled to room temperature, and then the formed RBF-PCR adaptor was diluted with annealing buffer containing 10 mM Tris-HCl (pH 8.0) to 20 mM.
Ligation with adaptor. A 1051 molar ratio of adaptor to genomic DNA was used, in order that all fragments were ligated to the adaptors. We incubated the mixture of fragments and adaptors in a thermal cycler for 6 hours at 16uC, and unligated adapters were removed by purification. The product was analyzed by 2% agarose gel electrophoresis, followed by the recovery of fragments ranging from 750-2000 bp.
The recovered fragments were used as templates for amplifications by semi-nested PCR. The adaptors at the 59 and 39 ends were different: the sequence of primer AP1 was the same as the Adaptor-1 at the 59 end, and the sequence of AP2 was the reverse complement of the Adaptor-2 at the 39 end. Thus, AP1 and AP2 were tested separately to decide which one would be ideal for semi-nested PCR. A series of pilot experiments aimed at identifying the specificity and detection limit of AP and the ratio of AP/SP concentration were performed to confirm and optimize this novel method.
PCR condition. Real-time PCR reactions were run on an ABI 7500 (Applied Biosystems, California, USA) with the following program: 2 min at 50uC, 10 min at 95uC, 40 cycles of 15 s at 95uC and 1 min at 60uC. The PCR reaction was performed in final volumes of 25 mL, containing 11.25 mL 2.53 SYBR Green Master Mix (Tiangen, Beijing, China), 3 mL template DNA, and 100 nM of each primer.
For semi-nested PCR, the reactions were carried out in final volumes of 30 mL, containing 13 Ex Taq buffer, 0.2 mM dNTPs, 0.3 mM of each primer, 2.5 units of Ex Taq DNA polymerase (TaKaRa Biotechnology Co. Ltd., China), and 3 mL DNA template. All of the amplifications were performed using an ABI2720 thermal cycler (Applied Biosystems, U.S.A.) with the following parameters: one step of 5 min at 95uC, 35 cycles of 30 s at 95uC, 30 s at 60uC, and 30 s at 72uC, one step of 5 min at 72uC.
The sequences used for the imitation experiments are listed in Supplementary  Table S2 .The SPs were designed based on the exogenous genes of GM LY038 genome and constituted the semi-nested primers; the other fixed primer was AP.
Genome walking and sequence analysis. For genome walking, the nested primers were designed based on the exogenous genes of the LY038 genome. R1-R5 were used to obtain the right flanking region of the GM LY038 genome, and designed based on the sequence in the right border region of the exogenous genes introduced in the LY038 genome. L1-L5 were used obtain the left flanking region of the LY038 genome, and designed based on the sequence in the left border region of the exogenous genes. The sequences used in our experiments are listed in Supplementary Table S3 .
The PCR products were analyzed on a 2% agarose gel; and the products showing the most intense staining were recovered. The fragments were then ligated into the Teasy vector; the plasmid was transformed into DH5a competent cells and sequenced. The sequencing primers were designed based on the sequence of the vector 17 , and the results were analyzed by the DNAMAN software, which searched for similarities between the sequences and GM LY038 genome. 
